Interfaces between organelles are emerging as critical platforms for many biological responses in eukaryotic cells. In yeast, the ERMES complex is an endoplasmic reticulum (ER)-mitochondria tether composed of four proteins, three of which contain a SMP (synaptotagmin-like mitochondrial-lipid binding protein) domain. No functional ortholog for any ERMES protein has been identified in metazoans. Here, we identified PDZD8 as an ER protein present at ER-mitochondria contacts. The SMP domain of PDZD8 is functionally orthologous to the SMP domain found in yeast Mmm1. PDZD8 was necessary for the formation of ER-mitochondria contacts in mammalian cells. In neurons, PDZD8 was required for calcium ion (Ca 2+ ) uptake by mitochondria after synaptically induced Ca 2+ -release from ER and thereby regulated cytoplasmic Ca 2+ dynamics. Thus, PDZD8 represents a critical ER-mitochondria tethering protein in metazoans. We suggest that ER-mitochondria coupling is involved in the regulation of dendritic Ca 2+ dynamics in mammalian neurons.
Interfaces between organelles are emerging as critical platforms for many biological responses in eukaryotic cells. In yeast, the ERMES complex is an endoplasmic reticulum (ER)-mitochondria tether composed of four proteins, three of which contain a SMP (synaptotagmin-like mitochondrial-lipid binding protein) domain. No functional ortholog for any ERMES protein has been identified in metazoans. Here, we identified PDZD8 as an ER protein present at ER-mitochondria contacts. The SMP domain of PDZD8 is functionally orthologous to the SMP domain found in yeast Mmm1. PDZD8 was necessary for the formation of ER-mitochondria contacts in mammalian cells. In neurons, PDZD8 was required for calcium ion (Ca 2+ ) uptake by mitochondria after synaptically induced Ca 2+ -release from ER and thereby regulated cytoplasmic Ca 2+ dynamics. Thus, PDZD8 represents a critical ER-mitochondria tethering protein in metazoans. We suggest that ER-mitochondria coupling is involved in the regulation of dendritic Ca 2+ dynamics in mammalian neurons.
C ontacts between the endoplasmic reticulum (ER) and the mitochondria are thought to represent a signaling hub where Ca 2+ and lipid exchange can occur between these two organelles (1, 2) . In addition, changes in the extent of ER-mitochondria contacts have been reported in various models of neurodegenerative diseases such as Alzheimer's disease (3) (4) (5) . Several proteins that are enriched at ER-mitochondria in mammalian cells, including Mitofusin2, have been proposed to play a role in modulating the contacts between these organelles (6) (7) (8) (9) . However, mutation of the genes encoding these proteins has complex and sometimes contradictory phenotypic consequences on ER-mitochondria contacts (10) (11) (12) .
The ER-mitochondria encounter structure (ERMES) complex functions as a tether between the ER and mitochondria in budding yeast (1) . Three out of four ERMES complex proteins (Mmm1, Mdm12, and Mdm34) contain an SMP domain. Trans-heterodimerization of SMP domains within proteins such as extended synaptotagmin 2 (E-syt2) was recently proposed to participate in lipid exchange between ER and plasma membrane (13) (14) (15) . Based on low levels of amino acid sequence homology, no ERMES complex ortholog has been identified in metazoans (16, 17) (fig. S1, C to E). Recent bioinformatics approaches predicted the existence of several SMP domain-containing proteins in metazoans (18, 19) , including a protein of unknown function called PDZD8. A search of the PDB (Protein Data Bank) using the Phyre2 protein modeling server showed that the SMP-containing proteins E-syt2 (PDB code 4P42) and the ERMES complex protein Mdm12 (PDB code 5gyk), respectively, are similar to residues 92 to 367 and 105 to 287 of PDZD8 with >99.8% confidence [expected value of <10 −26 in hidden Markov models (HMM)-HMM-based lightning-fast iterative sequence search (HHBLITS)] (Fig. 1, B and C) . Furthermore, there is a high correspondence in the secondary structure elements (SSEs) of the predicted SMP domain of PDZD8 and the actual SSEs in the SMP domains of E-syt2 and Mdm12 (Fig. 1D) . These results strongly suggest that PDZD8 is an SMP-containing protein. We therefore explored the possibility that PDZD8 constitutes a structural and functional ortholog of the ERMES component Mmm1.
Investigating the functional similarity between the SMP domains of Mmm1 and PDZD8
Mmm1 and PDZD8 contain an N-terminal transmembrane domain followed by an SMP domain, although PDZD8 has a longer C-terminal extension, including predicted PDZ, C1, and coil-coiled (CC) domains (Fig. 1A) . In addition, Mmm1 is the only SMP-containing ERMES subunit localized to the ER in yeast (1, 20) . Modeling indicated that the predicted SMP domains of PDZD8 and Mmm1 are structurally homologous with the SMP domains of E-syt2 and Mdm12 (Fig. 1, B and C, and fig. S1 , A to C). To determine whether PDZD8 and Mmm1 are functionally homologous, we first expressed PDZD8 in yeast and tested its localization. PDZD8-Venus colocalized with yeast ER-resident protein Pho88, suggesting conserved and functional ER targeting of PDZD8 ( fig. S2A) .
Next, we investigated whether PDZD8 could functionally complement for Mmm1 function. Deletion of the MMM1 gene resulted in critical cellular and mitochondrial defects, including (i) the collapse of the mitochondrial tubular network into one or two large spherical structures, (ii) severe mitochondrial inheritance defects during cell division, and (iii) the complete loss of mitochondrial DNA (mtDNA) (figs. S3 to S5) (21, 22) . Because mmm1D cells rapidly accumulate suppressor mutations (23), we used a plasmid shuffling experimental strategy to replace endogenous MMM1 with genes of interest to avoid adaptation to the loss of MMM1 ( fig. S3A ). Briefly, we transformed a low-copy plasmid bearing genes of interest, including PDZD8 variants under the MMM1 promoter and a URA3 selectable marker (pRESC), into heterozygous mmm1D/MMM1 diploid cells expressing mitochondria-targeted Cit1p-mCherry. Haploid cells containing the rescue plasmid and a deletion of MMM1 (pRESC + mmm1D) were generated from the diploids and analyzed for functional rescue. Finally, to exclude the possibility of genomic adaptation, we tested whether the recovered phenotype could be reversed by loss of the rescue plasmid through 5-fluoroorotic acid (5-FOA) incubation, which is toxic to cells expressing URA3 and selects for spontaneous loss of pRESC ( fig. S3A ).
First, we attempted to rescue the mmm1D with the truncated form of PDZD8 containing the transmembrane and SMP domains (PDZD8 TM-SMP ) or the SMP domain-swapped MMM1 with a PDZD8-SMP domain (pMMM1-SMP PDZD8_full ) ( fig. S3 , B and C). However, these proteins were not able to restore the mitochondrial morphology, inheritance, and mtDNA maintenance defects, unlike wild-type MMM1 ( fig. S3 , B and C).
Structural alignment of the SMP domains of Mmm1 and PDZD8 or Mdm12 revealed that the only major differences in SSEs reside within the two loops of the first b sheet (L1 and L2 for Pdzd8 and L1 for Mdm12) ( fig. S1D) . Thus, we next tested an MMM1 SMP-domain swap with PDZD8 that spared the original L1 and L2 MMM1-SMP regions (pMMM1-SMP fig. S1 ). (D) Predicted secondary structure of the SMP domain of PDZD8 (mouse) alignment with E-syt2 (human) and Mdm12 (S. cerevisiae) suggests a high degree of structural homology at the secondary structural level. Expected value = 3.5 × 10 −26 (PDZD8 versus E-syt2). (E) Western blots of subcellular fractionation from HEK293T cells demonstrates the presence of endogenous PDZD8 in ER and MAM fractions. MAM fraction was isolated using a Percoll gradient and immunoblotted with antibodies to PDZD8, calnexin (for ER and MAM fractions), and cytochrome C (for mitochondrial fraction). (F to K) We generated a mouse Neuro2a (N2a) cell line by knockin of Venus in the endogenous Pdzd8 genomic locus to create a C-terminal fusion PDZD8-Venus fusion protein by transfecting with a plasmid expressing guide RNA targeted to PDZD8 sequence and Cas9, together with the donor plasmid (see fig. S6A for details). N2a cells that had stably integrated the donor plasmid were enriched by selection with 600 mg/ml Geneticin (G418 sulfate). The targeted cells were transfected with a plasmid expressing Canx-mCherry (ER marker) and stained with antibodies to red fluorescent protein, GFP, and OXPHOS (oxidative phosphorylation) complex (mitochondrial marker). The stained cells were imaged with super-resolution microscopy (3D SIM). Images from a single plane [(F) to (I)] and a 3D reconstructed image (J) are shown. Arrowheads indicate the localization of PDZD8 at ER-mitochondria contact sites. (K) Analysis of colocalization between ER and PDZD8-Venus, and mitochondria and PDZD8-Venus using Mander's overlap demonstrates PDZD8 localization with ER but not mitochondria. Data are from four cells in each group. ***P < 0.0005, Student's t test.
Plasmid loss by 5-FOA reversed the rescue phenotype ( fig. S4 ). Despite containing the original L1 and L2 loops from MMM1, the SMP domain of the rescue construct (pMMM1-SMP PDZD8+L1L2 ) consisted of >75% of the primary sequence found in PDZD8, with only~15% sequence identity to MMM1. Moreover, although the rescue with pMMM1-SMP PDZD8+L1L2 was partial, it was similar to that observed when the SMP domain of Mmm1 was replaced with the SMP domain of another ERMES protein, Mdm12 ( fig. S4) . Thus, the SMP domain of metazoan PDZD8 is as functional as a yeast SMP domain.
Thus, SMP domains from yeast MMM1 represent a structural and functional ortholog of the SMP domain of metazoans PDZD8. Additionally, we find that functional homology between MMM1 and PDZD8 SMP domains does not extend to the L1 and L2 loops. The L1 and L2 loops are poorly conserved even among the Ascomycota, such as Schizosaccharomyces pombe, Magnaporthe oryzae, and Neurospora crassa. Thus, variability in the L1 and L2 loops may lend specificity of SMP domains to a particular functional context in different organisms.
PDZD8 is an ER protein localized at ER-mitochondria contact sites
Because both Mmm1 and PDZD8 reside in the ER in Saccharomyces cerevisiae, we examined the subcellular localization of PDZD8 in mammalian cells. PDZD8-HA in HeLa cells showed extensive colocalization with ER-targeted Calnexinyellow fluorescent protein ( fig. S2B ). To examine the localization of endogenous PDZD8, we produced a PDZD8-Venus knockin Neuro2a (N2a) cell line in which Venus fluorescent protein was knocked into the PDZD8 genomic locus using CRISPR-Cas9 ( fig. S6A ). The endogenous expression was confirmed by immunofluorescence ( Fig. 1 , F to K) and Western blots using antibodies to PDZD8 and green fluorescent protein (GFP) (fig. S6, B and C). ER and mitochondria in PDZD8-Venus knockin N2a (N2a PDZD8-Venus ) cells were labeled by coexpression of Calnexin-mCherry and staining with an antibody cocktail against mitochondrial proteins (OXPHOS). Super-resolution imaging with structured illumination microscopy (SIM) revealed that endogenous PDZD8-Venus was localized in the ER and also found at ERmitochondria contact sites (Fig. 1, F to K; fig. S6 , E to H; and movie S1).
Subcellular fractionation of human embryonic kidney (HEK) 293T cells using antibody to PDZD8 (24) and N2a
PDZD8-Venus cells confirmed that PDZD8 was enriched in the ER and present at the mitochondria-associated endoplasmic reticulum membrane (MAM) fraction but not detected in the pure mitochondrial fraction (Fig. 1E and  fig. S6D ). Thus PDZD8 is an ER-resident protein that is also localized at ER-mitochondria contact sites.
PDZD8 is required for formation of ER-mitochondria membrane contacts
Because PDZD8 was present at ER-mitochondria contact sites and contained an SMP domain [(E), (G), and (H)] The total number of the contact sites identified in these serial EM reconstructions was 2011 (control) and 3197 (PDZD8-KO) from 10 control and 11 PDZD8-KO mitochondria fully reconstructed. For (F), (I), and (J), the ER network was quantified in regions surrounding mitochondria in four to six cells of each genotype. A nonparametric Mann-Whitney test was used to test statistical significance. **P < 0.01; ****P < 0.0001. Cells quantified are from two independent cell cultures. Data are displayed as mean ± standard error of the mean. n.s., not significant.
structurally and functionally orthologous to yeast ERMES complex protein Mmm1, we investigated whether PDZD8 functioned as a tethering protein and whether it was required for the formation of ER-mitochondria contacts. To map ER-mitochondria contacts quantitatively, we performed three-dimensional serial scanning electron microscopy (3D SEM) using focus ion beam-scanning EM (FIB-SEM) ( Fig. 2 and movies S2 to S5). The 3D reconstructions of FIB-SEM stacks showed that the volume-surface ratio of mitochondria (Fig. 2H) and ER (Fig. 2I ) and the number of three-way junctions (an index often used to measure ER tubule complexity (25, 26) (Fig. 2J) were not significantly different between the control and PDZD8 knockout (KO) cells (24) . Thus, deletion of PDZD8 had no detectable effect on the structure of mitochondria and ER networks (Fig. 2, H to J, and movies S2 to S5). We also quantified the size and distribution of ER-mitochondria contact sites [defined as membrane appositions between the two organelles with less than 25 nm distance (16) ). As previously reported (2, 27, 28), 11.2% of the mitochondrial surface area was in contact with ER in control HeLa cells but, strikingly, only 2.2% of mitochondrial surface was in contact with ER in PDZD8 KO cells (Fig. 2E) . We also normalized the surface of ER-mitochondria contacts relative to ER surface area: 16.5% of the ER surface area was in contact with the mitochondria in control cells, but only 2.1% of ER surface was in contact with the mitochondria in PDZD8 KO cells (Fig.  2F) . Furthermore, the average surface of individual ER-mitochondria contacts was also decreased by~80% in PDZD8 KO HeLa compared with control HeLa cells (Fig. 2G) . These results strongly suggested that PDZD8 is required for tethering ER and mitochondria membranes in human cells.
PDZD8-mediated tethering is critical for ER-mitochondria Ca
2+ transfer ER-mitochondria contacts are emerging as signaling hubs and have been proposed to play a critical role in Ca 2+ exchange between these two organelles (2, (28) (29) (30) . Upon activation of ryanodine and/or inositol-1,4,5-trisphosphate (IP 3 ) receptors (IP 3 R), Ca 2+ released from the ER transiently reaches concentrations high enough to open the mitochondrial calcium uniporter (MCU) complex at the ER-mitochondria contacts (30-32), promoting efficient mitochondrial Ca 2+ uptake. To determine whether ER-mitochondria tethering by PDZD8 plays a role in Ca 2+ transfer between these two organelles, we monitored Ca 2+ dynamics in the ER and mitochondria simultaneously (33) . We expressed genetically encoded Ca 2+ indicators (GECI) targeted to the ER (red fluorescence; R-CEPIA1er) (33) and the mitochondria (green fluorescence; CEPIA3mt) (33) . In control NIH3T3 cells, stimulation of purinergic receptors with extracellular adenosine 5′-triphosphate (ATP) (34) , which generates IP 3 , robustly activates IP 3 R and induced Ca 2+ release from ER stores leading to rapid Ca 2+ import into mitochondria ( Fig. 3 and movie S6 ). In contrast, in NIH3T3 cells expressing short hairpin RNA (shRNA) efficiently knocking down Pdzd8 (fig. S6, B and C,  and fig. S7 , B and C), Ca 2+ import into mitochondria after ATP stimulation was significantly reduced, even though Ca 2+ release from the ER was not significantly affected ( Fig. 3 ; movie S7; and fig. S8, C and D) . In addition, expression of an shRNA-resistant Pdzd8 cDNA restored Ca 2+ uptake into mitochondria in ATP-treated NIH3T3 cells expressing Pdzd8 shRNA (Fig. 3) . Importantly, resting Ca 2+ levels in both ER and mitochondria To determine whether this reduced mitochondrial Ca 2+ import in Pdzd8-deficient cells was indeed due to the loss of the ER-mitochondria contacts, we performed a rescue experiment using a synthetic tethering protein (28) . This altered phenotype is rescued by introducing a shRNA-resistant Pdzd8 plasmid (green lines and bars) or a synthetic ER-mitochondria tethering protein (blue lines and bars). n = 67 for control, 71 for Pdzd8-KD, 32 for Pdzd8 rescue, and 30 for tethering. Statistical significance: n.s., P > 0.05; *P < 0.05; **P < 0.01; ****P < 0.0001, according to unpaired t test with Welch's correction. . n = 30 dendritic segments from 10 neurons for control and 39 dendritic segments from 13 neurons for Pdzd8 knockdown. Statistical significance: n.s., P > 0.05; **P < 0.01; ***P < 0.001, according to unpaired t test with Welch's correction.
Ca
2+ uptake induced by ATP application in PDZD8-deficient cells back to control levels (Fig. 3) . Thus, our results demonstrate that ER-mitochondria tethering mediated by PDZD8 is required for efficient Ca 2+ transfer from ER into mitochondria in metazoan cells.
Synaptically induced Ca
2+ release from ER stores triggers mitochondrial Ca 2+ uptake
Cytoplasmic Ca 2+ dynamics in dendrites of neurons are critical for physiological responses, including synaptic integration and plasticity (35, 36) . Although several studies have suggested that ER stores and mitochondria can influence dendritic Ca 2+ dynamics (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) , the functional importance of ER-mitochondria contacts is unknown in neurons. PDZD8 was expressed at high levels throughout the developing and adult mouse central nervous system (CNS), including in the neocortex ( fig. S10) fig. S12, G to N) . Thus, as expected, activation of both NMDA receptor and mGluR1 are required for synaptically evoked Ca 2+ release from ER stores in the dendrites of cortical pyramidal neurons (Fig. 5A ).
PDZD8 regulates dendritic Ca

2+ dynamics in cortical neurons
Pdzd8 knockdown in cortical layer II/III pyramidal neurons did not impair the overall structure and distribution of dendritic ER and mitochondria in vivo ( fig. S11 ). To determine whether PDZD8-dependent ER-mitochondria membrane tethering regulates ER and mitochondrial Ca 2+ dynamics in neuronal dendrites, we introduced G-CEPIA1er and mito-RCaMP1h with either control or Pdzd8 shRNA using ex utero electroporation in cortical pyramidal neurons. After physiological synaptic stimulation (20 AP at 10 Hz), Ca 2+ release from ER stores was coupled with robust mitochondrial Ca 2+ import in dendrites expressing control shRNA (Fig. 4 , A to F, and movie S8). However, mitochondrial Ca 2+ import was significantly reduced in Pdzd8 knockdown neurons, consistent with data obtained in NIH3T3 cells (Fig. 4, B , E, and F, and movie S9). Expression levels of MCU or proteins proposed to regulate ER-mitochondria contacts (PIPIP51 and VDAC1) were not changed in Pdzd8 knockdown neurons ( fig. S13, A to D ] c levels were significantly elevated in Pdzd8 knockdown dendrites compared with control dendrites (Fig. 4, G to L fig. S12 ). Our results demonstrate that the majority of synaptically induced Ca 2+ imported into dendritic mitochondria originates from ER stores. (B and C) Our results also demonstrate that in neuronal dendrites, PDZD8-dependent ER-mitochondria tethering plays a critical role in cytoplasmic Ca 2+ homeostasis because in the absence of PDZD8 (C), a significantly higher fraction of synaptically induced Ca 2+ release from the ER ends up in the cytoplasm rather than in the mitochondrial matrix, compared with control (B).
into mitochondria upon synaptic activation in control dendrites, and PDZD8 regulates cytoplasmic Ca 2+ dynamics in dendrites through its function in ER-mitochondria tethering.
Here, we have identified PDZD8 as an ERmitochondria tethering protein in metazoan cells and demonstrated that the SMP domaincontaining protein PDZD8 might represent a structural and functional ortholog of the yeast ERMES protein component Mmm1. Furthermore, our results also demonstrate the importance of ER-mitochondria tethering for dendritic Ca 2+ homeostasis in mammalian neurons (Fig. 5, B and C). Dendritic Ca 2+ dynamics play several critical functions ranging from synaptic integration properties to various forms of synaptic plasticity (35, 36) . Cytoplasmic Ca 2+ microdomains in neuronal dendrites represent a cellular mechanism recently proposed to regulate branchspecific synaptic integration and plasticity (51, 52) . We suggest that the control of cytoplasmic Ca 2+ dynamics in dendrites involves ER-mitochondria coupling and, by analogy to its proposed functions in non-neuronal cells, this organelle interface might play other important biological functions such as lipid exchange and coupling of mitochondrial DNA replication with mitochondrial fission in neurons.
